The commercial use of glyphosate-resistant (also known as Roundup Ready ® , GR or RR) soybean was initiated in 1996 in the United States. This genetically engineered crop now occupies 75.4 million ha worldwide, 20.6 million of which are in Brazil where it occupies 86% of the total area cropped with the legume. Biological nitrogen fixation (BNF) is critical for economic sustainability of soybean in Brazil; therefore, to investigate the effects of the RR gene-using pairs of nearly isogenic cultivars-and herbicides on BNF, we conducted an extensive series of field experiments for three cropping seasons. The experiments were set up at six sites with five treatments, three pairs of nearly isogenic cultivars, and six replicates. The treatments consisted of: (T1) RR soybean + glyphosate; (T2) RR soybean + conventional herbicides; (T3) conventional parental soybean + conventional herbicides; (T4) RR soybean + hand weed control; and (T5) conventional parental soybean + hand weed control. Parameters of nodulation, plant biomass production, total N and ureide-N were evaluated at the V4 and R2 stages of growth, and grain yield and total N in grains were evaluated at crop maturity. Data were analyzed by ANOVA, analyses of contrasts, and multivariate analyses considering a pool of six variables, denominated as symbiotic efficiency (SyEf). The comparison of the pairs of non-transgenic and RR soybean cultivars showed that the transgenic trait negatively affected some BNF variables, but over a three-year period these effects had no significant impact on soybean grain yield. No consistent differences between glyphosate and conventional herbicide application were observed on BNF-associated parameters. When compared to conventional soybean and conventional herbicides, weed-management strategy with RR soybean and glyphosate did not affect symbiotic efficiency. In addition, at three sites, grain yields increased in the treatments with glyphosate and RR soybean over the three cropping seasons. The results from the multivariate analyses indicate that BNF and yield parameters were more affected by location, cropping season and cultivar than by the transgene, herbicides, or weed-management strategy. Despite the lack of effects of the transgene on yield in the three-year period, longer-term effects on BNF and N accumulation should be monitored.
Introduction
The commercial use of glyphosate-resistant soybean [Glycine max (L.) Merr.], also called Roundup Ready ® -RR started in 1996 in the United States; and today this crop occupies about 75.4 million ha worldwide (ISAAA, 2012) . The release of commercial RR soybean cultivars opened new opportunities for weed control by enabling: (i) reduction and replacement of pre-emergence herbicides; (ii) early seeding and no-tillage cropping; and (iii) less crop injury (Carpenter and Gianessi, 2001) . In Brazil, RR soybean was released in 2003 and rapidly adopted by farmers. In the 2010/2011 growing season it was grown on 20.6 million ha, representing 86% of the total area cultivated with this crop in Brazil (ISAAA, 2012) ; in other major producing countries, such as the United States and Argentina, the area planted with RR soybean is close to 100%.
Glyphosate [N-(phosphomethyl) glycine, marketed as Roundup ® by Monsanto Company, St. Louis, MO] is a broadspectrum (controls both broad-leaf and grass weeds), non-selective herbicide, with a short mean active life in the soil environment (Franz et al., 1997) . Its mechanism of action is based on the inhibition of the synthesis of aromatic amino acids (phenylalanine, tyrosine and tryptophan), by blocking the shikimic acid pathway present in plants and microorganisms, but absent from animals; hence, it shows low mammalian toxicity (Jaworski, 1972; Fisher et al., 1986) . The basis of resistance to glyphosate in soybean is the insertion of a 5-enolpiruvylshikimic acid-3-phosphate synthase (EPSPS) gene derived from Agrobacterium strain CP4, which is insensitive to this herbicide, allowing the functional expression of the shikimic acid pathway in its presence (Padgette et al., 1995; Zablotowicz and Reddy, 2004) .
The release of genetically engineered soybean cultivars has raised the question of whether the symbiotic nitrogen fixation process would be affected or not. The use of herbicides may affect biological nitrogen fixation (BNF) directly through effects on the bacteria (Jaworski, 1972) , indirectly through effects on the legume host (Johnson, 1971) , and also in the symbiosis (Gonzalez et al., 1996) . Therefore, it is important that the biotechnological advances that have enabled the generation of genetically modified soybeans are also accompanied by rigorous studies of environmental safety. This is necessary not only to ensure the occurrence of minimal impacts on the environment, but also that gains already obtained from research, such as the contribution of high rates of nitrogen fixation, are not negatively affected. The importance of BNF in Brazil is highlighted when we consider that, in 2013, it was estimated that the application of inoculants containing N 2 -fixing bacteria, to the 27 million ha cropped with soybean, produces an annual savings of approximately US$ 10 billion due to the non-use of nitrogen fertilizers, without taking into account the benefits on the environment .
Adverse effects of glyphosate on Bradyrhizobium japonicum have been related to the accumulation of shikimic acid and hydroxibenzoic acids, causing growth inhibition, and sensitivity varies among strains (Moorman et al., 1992; Hernandez et al., 1999; Drouin et al., 2010) . At high concentration of glyphosate Bradyrhizobium death can occur (Fisher et al., 1986) . In evaluations of the symbiosis soybean-Bradyrhizobium, although some deleterious effects of glyphosate on the nodulation and/or N 2 fixation processes have been reported (Reddy et al., 2000; King et al., 2001; Reddy and Zablotowicz, 2003; Zablotowicz and Reddy, 2004; Dvoranen et al., 2008; Bohm et al., 2009; Kremer and Means, 2009 ), grain-yield reductions have not been demonstrated. The magnitude of the effects on the symbiosis, including nodulation and plant-related parameters vary with glyphosate dose, salt, time of application, soybean cultivar, geographical location and environmental conditions, and are accentuated under water stress and in sandy soils (Zablotowicz and Reddy, 2004) .
It is possible that, in the long term, the reductions of nodule mass and BNF rates by RR soybeans can lead to increased scavenging of mineral N. The uptake of more N from the soil will result in depletion of organic matter reserves and lower soil fertility. The situation is especially critical in sandy soils with limited N availability (Zablotowicz and Reddy, 2004; Bohm et al., 2009) .
Considering the potential for reduced BNF in the RR soybean under field conditions, in this work we report the results of an extensive series of field experiments carried out between 2003 and 2006 in the most prominent soybean-producing regions of Brazil. Our objective was to evaluate the effects of the RR transgene, glyphosate and weed-management strategy on BNF and yield parameters, by using pairs of nearly isogenic soybean cultivars.
Materials and methods

Geographic location, general description of the field sites, treatments and logistics
The experiments were set up in the 2003/2004, 2004/2005 and 2005/2006 Table 1 . At each site soil samples were collected before the establishment of the experiment at a depth of 0-20 cm in five different points to form a composite sample. At each point 10 sub-samples were taken. These sub-samples were homogenized in large plastic bags, transported to the laboratory and sieved through a 4-mm sieve. Soil analyses were performed as described before (Hungria et al., 2006b) and the results are shown in Table 1 . Table 1 also shows data on soil organic carbon (SOC), which under tropical conditions gives a good reference in terms of the soil capacity to supply N.
In each region, the trials were conducted in a completely randomized block design, with 5 treatments × 3 pairs of cultivars, with 6 replicates, in a total of 90 plots. The five treatments consisted of: (T1) RR soybean + glyphosate; (T2) RR soybean + conventional herbicides; (T3) conventional parental soybean + conventional herbicides; (T4) RR soybean + hand weeding; (T5) conventional parental soybean + hand weeding, as the control.
For T1, Roundup Transorb ® (glyphosate, Monsanto), was applied at a dose of 2 L ha −1 in 200 L of water, 20-30 days after emergence, whereas 0.5 L ha −1 of Select ® 240 (Clethodim ® , Milenia, Londrina), mixed with mineral oil at 0.5% of the volume (to kill narrow-leaf weeds), and Classic ® (chlorimuron-ethyl, DuPont, Wilmington, DE) at 80 g ha −1 (to kill broad-leaf weeds) were used for T2 and T3. Three pairs of cultivars, each consisting of the parental non-transgenic cultivar (from Embrapa Soja's breeding program) and its respective nearly transgenic counterpart (from a Embrapa Soja-Monsanto partnership) were cropped at each site, in a total of 15 treatments per site. In the three growing seasons, the pairs of soybean cultivars tested in Ponta Grossa and Londrina were Conquista/ValiosaRR (Cultivar 1 = C1); BRS133/BRS245RR (Cultivar 2 = C2); and Embrapa 59/BRS244RR (Cultivar 3 = C3). These same cutivars were tested in Passo , the same cultivars were tested, except for BRS133/BRS245RR, which were replaced by Celeste/BalizaRR. Genealogy and maturity groups of parental conventional types were as follows: Conquista MG/BR 46 (Lo76-4484 × Numbaíra, G.8.1); BRS 133 (FT Abyara × BR 83-146, G.7.3); Embrapa 59 (FT Abyara × BR83-147, G.7.3); Embrapa 58 (Paraná × BR83-143, G.7.4); BRS/GO Jataí [Embrapa 313 (Anhanguera) × BR92-31910 (Cristalina CARDF-30*3 × FT Estrela), G.8.9]; BRS Celeste (Bossier × BR 1T, G.8.1); they all have determinate type of growth. The replacements were made when cultivars showed relatively poor performance, being replaced by better adapted, newly released genotypes.
All areas were managed under a no-tillage system and cropped with soybean in the summer. In the winter, the areas were sown with black oat (Avena strigosa L.) or wheat (Triticum aestivum L.) in the south region (Passo Fundo, Ponta Grossa and Londrina), and pearl-millet (Pennisetum americanum) in the central region (Uberaba, Planaltina and Luiz Eduardo Magalhães). Immediately prior to planting, the soybean seeds were treated with a peat-based inoculant produced at Embrapa Soja and containing a 1:1 mixture of broth cultures of B. elkanii strain SEMIA 587 and B. diazoefficiens strain CPAC 7 (=SEMIA 5080), at a concentration of 10 9 cells g −1 of peat and supplied to provide 1.2 million cells seed −1 . Inoculation was done by using a peat slurry prepared with 200 g of inoculant in 300 mL of a 10% (w/v) sucrose adhesive solution per 50 kg of seeds. Sowing was done manually, with 25-30 seeds per meter of row. The experimental plots were 5.0 m × 6.0 m, with rows spaced at 1.0 m. The plots consisted of 10 rows each, 50 cm apart.
Harvests, parameters evaluated and laboratory analyses
At the V4 and R2 stages of growth (Fehr et al., 1971) , ten soybean plants per plot were randomly chosen and carefully excavated for determinations of shoot dry weight (SDW), nodule number (NN), and nodule dry weight (NDW). The root systems were rinsed with tap water and the nodules were detached, dried at 65 • C for 72 h, weighed and counted. SDW was determined after drying in a forced-air dryer at 65 • C, also for approximately 72 h. Total shoot-N concentration (TSNC) and shoot-N concentration (SNC) were determined by the Kjeldahl method and total shoot nitrogen content (TSNC) was determined as the product of SNC and SDW. Leaf petioles were dried at 65 • C, ground (20 mesh) and analyzed for both N-ureide (% and total N-ureide-TNU) (Herridge and Peoples, 1990) and nitrate contents, to determine the percentage of petiole N as N-ureides (%NU), as an indicator of the relative contribution of BNF to total N nutrition (Herridge and Peoples, 1990; Hungria et al., 2006b) .
At harvest, pods were taken from the plants from two central 5.0-m long rows in each plot, and seeds removed, cleaned, weighed and soybean grain yields (SGYs) expressed in kg ha −1 after adjusting moisture content to 13%. Total grain-N content (TGN, kg N ha −1 ) and the concentration of grain N (% GN) were determined by the Kjeldahl method. In the present study, the following variables related to BNF were evaluated: NDW V4 (mg plant −1 ), NDW R2 (mg plant −1 ), SNC R2 (mg N g plant −1 ), TSNC R2 (mg N plant −1 ), %NU R2 (%), and TNU R2 (mg N-ureide plant −1 ). Some data of NN (nodules plant −1 ), SDW (g plant −1 ) and SNC (g kg −1 ) from either V4 or R2 stages were lost due to adverse weather; therefore, these variables were not considered in the data analysis.
Statistical analyses
Prior to the analysis of variance (ANOVA), data were tested for normality of variables and uniformity of variance (SAS Institute, 1999) . After that, data were submitted to mean contrast analysis, considering all three seasons of data, to compare the effects of the transgenic trait (Contrast 1), the type of herbicide in transgenic cultivars (Contrast 2), and weed-management strategy Table 2 Contrast analyses comparing treatments with transgenic and non-transgenic soybean cultivars (contrast 1) for individual variables related to biological nitrogen fixation, across three crop seasons. In addition, we used a multivariate analysis to evaluate the effects of the transgenic trait, type of herbicide and weed-control strategy on symbiotic efficiency (SyEf), described by the simultaneous analysis of the six pooled variables (NDW V4, NDW R2, SNC R2, TSNC R2, %NU R2 and TNU R2). For this, the data were analyzed using multivariate ordination "non-metric multidimensional scaling" (NMS) (Sokal, 1979) , with Sorensen distances. Prior to the analysis, data were standardized by totals within each variable in order to eliminate the differences in the variable units. The ordination was performed in the autopilot mode, using the "slow and thorough" option in the program PC-ORD v. 6.0 (McCune and Mefford, 2011) . The number of dimensions to be interpreted was selected considering the criteria of stress and stability of the graphical solutions.
Soybean Developmental Stage
Variations in the SyEf among samples were characterized by Pearson correlation coefficients between the sample scores on the NMS axes 1 and 2 and the values of the six attributes that described the SyEf.
A multiresponse permutation procedure (MRPP, Mielke and Berry, 2000) was employed to test the hypothesis of no effect of transgenic trait, herbicide and weed control strategy on SyEf, using the same three contrasts described for the univariate analysis. In all cases, Sorensen distance measures were used. Values of p associated with test statistics (T) were determined by numerical integration of the Pearson type III distribution. All multivariate tests were performed using the statistical program PC-ORD v. 6.0 (McCune and Mefford, 2011) .
For each tested contrast, SyEf was modeled using sums of squares multivariate regression tree (SS-MRT) models (De'ath, 2002) , with site, season, cultivar, and contrast treated as categorical explanatory variables, in order to verify the contribution of the different factors on the explained SyEf data variability. A series of 20-10-fold cross-validations (Breiman et al., 1984) were run in this study to choose the most frequently occurring (modal) tree size with a minimum error rate (De'ath and Fabricius, 2000) . The final tree size was chosen using the 1-SE (standard error) rule (Breiman et al., 1984) , which results in a smaller tree than that suggested by the minimum cross-validated-error rate (at most 1-SE). A library of S-Plus functions for tree routines (RPART: recursive partitioning), developed by T. Therneau (unpublished data) was used for all SS-MRT models. S-Plus (version 4.0) statistical software (Mathsoft, 1999) was used for these analyses.
Results
Effect of the transgenic trait and glyphosate on biological nitrogen fixation (BNF) parameters -univariate analyses
The transgenic trait impaired several BNF parameters (at least one of the six variables evaluated per site) at all sites except for Uberaba (Table 2) . NDW R2 was the attribute most negatively affected by the transgenic trait, with reductions ranging from 10 to 21% at four of the six sites. The lower NDW values at R2 observed at Ponta Grossa, Londrina and Planaltina, but not at Passo Fundo, were congruent with the decrease in the %NU in the transgenic cultivars (Table 2) .
Although the treatments with glyphosate had overall higher means for the BNF parameters, no consistent differences between the herbicides (glyphosate or conventional) were observed (Contrast 2, Table 3 ). Significant increments due to the glyphosate were dependent on the region and the variable under analysis, and were observed only at R2 for TSNC (from 12 to 49% in three regions), %NU (about 4% in two regions) and TNU (17-22% in three regions). In contrast, conventional herbicide had higher %NU at Passo Fundo and Uberaba, but with low relative increments, ranging from 1 to 3%. At Planaltina, no differences in BNF variables were detected between the herbicides (Table 3) . Table 3 Contrast analyses comparing transgenic soybean cultivars managed with glyphosate and with conventional herbicides (contrast 2), for individual parameters related to biological nitrogen fixation, across three cropping seasons. The comparison between the conventional soybean cropping management (conventional soybean with conventional herbicides) and the transgenic management (transgenic soybean with glyphosate) (Contrast 3, Table 4) showed that, in general, BNF was not affected by management system. Differences were observed only for %NU in Passo Fundo, Londrina and Planaltina, where higher values were recorded with conventional soybean cropping management (relative increments of 3-5%). At Uberaba and Luiz Eduardo Magalhães, no differences were observed in the BNF variables (Table 4) .
Soybean Developmental Stage
Finally, it is worth mentioning that considering all experiments we found no correlation between symbiotic efficiency and soil chemical or physical properties (Table 1) .
Table 4
Contrast analyses comparing transgenic soybean cultivars managed with glyphosate against non-transgenic cultivars managed with conventional herbicides (contrast 3) for individual parameters related to biological nitrogen fixation, across three cropping seasons. 
Soybean Developmental Stage
Effects of the transgenic trait and glyphosate on symbiotic efficiency (SyEf) -multivariate analyses
About 93% of the total data variability from the six variables in the symbiotic efficiency (SyEf) matrix was represented in a twodimension plot, according to the non-metric multidimensional scaling (NMS) ordination (Fig. 1) . Axis 1 explained 33% of the data variability and was positively correlated (p < 0.001) with all SyEf variables: NDW V4 (r = 0.89); NDW R2 (r = 0.73); %NU R2 (r = 0.48); TNU R2 (r = 0.18); TSNC R2 (r = 0.13); and SNC R2 (r = 0.09).
According to NMS Axis 1 scores, the differences in SyEf were associated with location (south and central areas) and strongly and positively correlated with nodule dry weight at the V4 (NDW V4) and R2 (NDW R2) stages. Sites in the central region (Uberaba, Planaltina and Luis Eduardo Magalhães) were plotted in the right side, whereas the south-region sites (Passo Fundo, Londrina and Ponta Grossa) were plotted in the left side, along Axis 1 in Fig. 1A , showing that NDW increased from the south to the central sites. This division was confirmed by pairwise comparison using MRPP between all sites (Table 5) .
NMS Axis 2 explained 60% of the data variability and it was significant correlated (p < 0.001) with five parameters: TNU R2 (r = 0.93); TSNC R2 (r = 0.92); SNC R2 (r = 0.56); NDW R2 (r = 0.42) and %NU R2 (r = 0.34). Along this axis, SyEf changes were associated with seasonal differences in the central and south regions. In the south region, season 2005/2006 was plotted in the top and seasons The analysis of Contrast 1 by MRPP revealed differences between transgenic and non-transgenic treatments in terms of SyEf ( Fig. 2A) . However, when analyzing each site separately (Table 6 ), SyEf was not affected by the transgenic trait at Ponta Grossa and Uberaba. Fig. 2B displays the graphical representation of the comparison between transgenic and non-transgenic cultivars at Londrina, the site with the most significant difference between treatments, while Fig. 2C displays Uberaba with no significant differences (Table 6 ), respectively. At Londrina, non-transgenic treatments had higher values in four out of six parameters evaluated, with increases ranging from 5 to 17% (Table 2) . However, even when differences in SyEf were observed between transgenic and non-transgenic treatments, as in Londrina (Fig. 2B) , the effect was slight, as evidenced by its very low chance-corrected withingroup agreement ("A" value = 0.011) (Table 6) , which describes the effect size that is independent of sample size. This "A" value is close to zero, indicating that the heterogeneity of samples within groups (transgenic vs. non-trangenic sample groups) tends to that expected by chance, and, away from 1, a condition in which no within-group variation would be observed. As pointed out by McCune and Grace (2002) , for large datasets it is possible to obtain a significant p value even for low values of "A".
The MRPP analysis for Contrast 2, which compares the effects of glyphosate and conventional herbicide on SyEf, indicated differences between the treatments (Table 6 , Fig. 3A) ; however, the effect Table 6 Statistical significance (p-value) and effect size (A value) of the transgenic trait, type of herbicide and strategy of weed management on symbiotic efficiency (SyEf) tested by contrasts 1, 2 and 3, with MRPP (multiresponse permutation procedure). was significant only at Passo Fundo (Table 6 ). Fig. 3B shows the NMS graphical representation of Contrast 2 at Passo Fundo, where between-treatment differences were most significant (glyphosate treatment had TNSC and TNU values 49% and 45% higher than those of its conventional counterpart, respectively), while Fig. 3C represents Planaltina, where no differences were detected. Again, although a significant p value has been observed for this contrast at Passo Fundo, the size effect was very small ("A" value = 0.02). No significant differences were observed between the two soybean cropping management practices-of transgenic soybean with glyphosate and non-transgenic soybean with conventional herbicides (Contrast 3)-on SyEf (p = 0.155) (Table 6 ), in agreement with the results obtained in the univariate analysis.
As our dataset comprises different edaphoclimatic conditions, cropping seasons, cultivars and treatments, in order to measure the contribution of these distinct sources of variation on the variability of SyEf data in each of the tested contrasts, a "tree model" analysis was used, presented in Table 7 . The variability found in the SyEf data can be explained mainly by the "site" factor (from 39 to 42%), followed by "year" (from 29 to 30%) and "cultivar" (from 6.9 to 7.9%).
Table 7
Percentage of the data variability explained by the tree model for symbiotic efficiency (SyEf) in contrasts 1, 2 and 3, as a function of site, year of sampling, cultivar and the tested contrast. In contrast, herbicide type, transgenic trait and crop-management strategy, tested by the three contrasts, were associated with small fractions of the variability in the data (between 2.6% and 4.7%).
Effect of the transgenic trait and glyphosate on soybean yield
For Contrast 1, differently from what was observed for SyEf, soybean yield was not affected by the transgenic trait (Table 8 ). Only at Passo Fundo there were reductions in soybean yield (21%) and TGN (17%) in the treatments with transgenic soybean cultivars. However, it is noteworthy that at Passo Fundo, yield was evaluated only in the 2003/2004 season, during which crop growth was affected by a period of drought. Drought-related problems also occurred in the two subsequent growing seasons, resulting in loss of yield data for this site.
Except for Uberaba and Planaltina, where no differences were found between herbicide types (Contrast 2), the use of glyphosate instead of conventional herbicides resulted in higher grain yields (from 9 to 34%) and TGN (from 7 to 33%) ( Table 9) .
For Contrast 3, comparing the soybean crop-management practices (transgenic with glyphosate × non-transgenic with conventional herbicide), higher yields were obtained from the former at Ponta Grossa (11%), Londrina (10%), Luis Eduardo Magalhães (12%) and Planaltina (12%, in this case statistically non-significant) (Table 10) .
Correlation between symbiotic efficiency and soybean yield
NMS Axis 1 and Axis 2, which represented about 33% and 60% of SyEf variation, respectively, were correlated (p < 0.001) both with soybean yield (Fig. 4A and C) and total grain N content (Fig. 4B and  D) . Axis 1 and Axis 2 clearly demonstrated that variations in SyEf were associated with region and cropping season within region, respectively ( Fig. 1A and B) . Our results show that variations in SyEf associated with region and cropping season are in agreement 
Table 8
Contrast analyses, comparing treatments with transgenic and non-transgenic soybean cultivars (Contrast 1), for the soybean grain yield (SGY), the percentage of grain N (%GN) and the total grain N content (TGN), across three cropping seasons. 
Discussion
Most of the attributes used to assess BNF in our study were significantly correlated to both axes of NMS analyses, and together were able to represent more than 90% of the original data variability, confirming the feasibility of using these parameters for environmental monitoring assessments. Indeed, Souza et al. (2008a,b) , in a large field study on transgenic soybean at several sites in Brazil, concluded that NDW, TSNC and TNU can be part of a minimum set of parameters to evaluate possible effects on BNF arising from the adoption of new technologies with soybean crops.
Several studies have evaluated the effects of herbicide-resistant plants and glyphosate on soil microorganisms, including the symbiotic nitrogen-fixing bacteria (Zablotowicz and Reddy, 2004; Pline-Srnic, 2005; Cerdeira and Duke, 2006; Böhm and Rombaldi, 2010) . The results varied according to the conditions of each study. For instance, Böhm and Rombaldi (2010) reported that the effects of RR soybean on soil microorganisms were dependent on soil type and crop management. However, the effects were almost always associated with the herbicide rather than with the transgenic trait. The same authors pointed out that most studies analyzed a limited number of variables and were usually conducted under greenhouse or in vitro conditions. They concluded that, overall, the transgenic trait does not affect BNF.
Effects of the transgenic trait on symbiotic efficiency (SyEf)
Reports in the literature show that a variety of transgenes did not affect symbiotic N 2 -fixing microorganisms; for example, Powell et al. (2009) found no differences in NN or NDW between conventional and RR transgenic soybean. Masoud et al. (1996) also showed no effect of the transgene on the Rhizobium-alfalfa interaction, and Suarez et al. (2003) observed that the transgenic trait did not harm the interaction between Lotus japonicus and Mesorhizobium loti. In addition, Boisson-Dernier et al. (2001) verified that Sinorhizobium meliloti successfully nodulated transgenic Medicago truncatula.
However, in our study, differences in parameters related to BNF between RR transgenic and nearly isogenic non-transgenic soybean cultivars were observed in five out of six sites evaluated. The harmful effects of the transgenic trait on BNF attributes may be due Table 9 Contrast analyses comparing transgenic soybean cultivars managed with glyphosate and with conventional herbicides (Contrast 2), for the soybean grain yield (SGY), the percentage of grain N (%GN) and the total grain N content (TGN), across three cropping seasons. to changes in the root exudates and transgenic-plant physiology (Lynch et al., 2004; Kremer et al., 2005; Powell et al., 2007; GarciaVillalba et al., 2008; Zobiole et al., 2010; Moldes et al., 2012) , which may impair growth of diazotrophic bacteria (Kremer and Means, 2009) , and/or functioning of the symbiosis (Montero et al., 2001) , resulting in lower NDW and smaller contributions of N to the soybean derived from BNF (Bohm et al., 2009) . Altogether, these results demonstrate that the effects of transgenes on BNF must be seriously considered, as they may jeopardize the benefits from the symbiosis to soybean crops.
Effect of glyphosate on symbiotic efficiency (SyEf)
In general, there were higher values of BNF attributes under glyphosate application compared to the conventional herbicides. Although negative effects of glyphosate on Bradyrhizobium japonicum have been found (King et al., 2001) , inhibition in the growth of Bradyrhizobium by glyphosate occurred at concentrations much higher than those recommended for field application (Malty et al., 2006) . Increases on BNF were also observed in transgenic soybean treated with glyphosate when compared to plants without the use of herbicides (Powell et al., 2009 ). According to Cerdeira and Duke (2006) glyphosate is less toxic than other herbicides; the lethal dose for rats populations (LD 50 ) of glyphosate was 5600 mg kg −1 , higher than for other herbicides. Procópio et al. (2004) found, under laboratory conditions, that glyphosate was less toxic for growth of Bradyrhizobium than the herbicides imazethapir and fomesafen. Drouin et al. (2010) , screening the tolerance of 122 strains of four genera of Rhizobiaceae to seven herbicides, found that glyphosate inhibited the growth of only five strains; furthermore, glyphosate was less toxic than four other herbicides tested. In a field trial, Reis et al. (2010) observed that application of the herbicides fomesafen and fluazifop-p-butyl to soybean decreased nodule dry weight compared to a single application of glyphosate. In contrast, Böhm et al. (2009) found higher nodule dry matter under imazethapyr application compared to glyphosate applied once.
Effect of the soybean crop management strategy on symbiotic efficiency (SyEf)
The most useful comparison for farmers and policymakers is represented by the transgenic trait with glyphosate application in comparison with the non-trangenic nearly isogenic genotypes with conventional herbicides. Our results showed that soybean management practices had less influence on symbiotic efficiency, accounting for only 2.6% of the variability, whereas field site, cropping season and soybean cultivar accounted for almost 80% of variability. On the other hand, both univariate and multivariate analyses showed that soybean management did not significantly affect BNF traits.
According to Pline-Srnic (2005) , cropping transgenic soybean with application of glyphosate use may affect interactions with symbiotic soil microorganisms, including rhizobia; however, these effects were minor in comparison to environmental factors, such as time and site of sampling (Lukow et al., 2000; Dunfield and Germida, 2004) . Other studies on transgenic-plant effects on soil microorganisms showed impacts related to site, season and year, but unrelated to the transgenic trait (Lottmann et al., 1999; Heuer et al., 2002; Blackwood and Buyer, 2004) . Also, plant development stage seems to have more importance than the transgenic event in terms of effects on soil microorganisms (Gyamfi et al., 2002; Souza et al., 2013) . Even when transgenic plants affected the structure and functional diversity of microbial communities, changes were transient and absent from subsequent evaluations (Griffiths et al., 2000; Dunfield and Germida, 2003) .
In contrast with our results-showing no effect of management type on BNF- Bohm et al. (2009) observed that transgenic soybean under glyphosate application presented lower NDW and N derived from BNF than non-transgenic soybean under imazethapyr application, and similar results were described by Kremer and Means (2009) , who found lower NDW in RR soybean with glyphosate.
Another factor that must be considered is that, although negative effects of glyphosate on symbiotic N 2 -fixing bacteria have been reported in some studies (Zablotowicz and Reddy, 2007; Zobiole et al., 2011) , under field conditions glyphosate can be degraded by rhizospheric microorganisms, that use it as a substrate (Haney et al., 2000) . Liu et al. (1991) demonstrated in vitro that several members of Rhizobiaceae are capable of degrading and growing using glyphosate as a sole source of P, which may explain enhanced N 2 fixation in RR soybean following glyphosate application (Powell et al., 2009) .
When comparing the effects of the management method (Contrast 3), and not the isolated effect of the transgenic trait (Contrast 1) or of the herbicide (Contrast 2), we observed that glyphosate may favor the N 2 -fixing bacteria, as verified by both the univariate analysis and the MRPP analysis of Contrast 2, thus compensating the negative effects that the transgenic trait had on some BNF attributes (Contrast 1). In addition, promotion of BNF by the non-transgenic treatment (Contrast 1) may have decreased when considering the use of conventional herbicides, since these are more toxic to BNF than glyphosate (Procópio et al., 2004 ) (Contrast 2). Therefore, in an ultimate analysis, both types of soybean-cropping management methods were statistically similar to each other regarding their impacts on symbiotic efficiency (Contrast 3). However, it is noteworthy that the dose of glyphosate in our study was 2 L ha −1 , and that the effects of higher doses should be investigated. Weed resistance to glyphosate is increasingly reported, therefore, higher doses may become the norm.
Effect of the transgenic trait and glyphosate on soybean yield
Despite the effects of the transgenic trait (Contrast 1) on some of the BNF attributes, grain yield was not affected. One possibility is that soybean plants may compensate for any decrease of N derived from BNF by increasing absorption of soil N, as observed by Bohm et al. (2009) . This could lead to negative N balances and decreases in crop-system sustainability in the long term. These authors also did not find any negative effect of the transgenic event on soybean yield. On the other hand, if soil N becomes depleted, decreases in yield may be observed. This hypothesis deserves further studies.
In Passo Fundo, soybean yield was 21% lower (235 kg ha −1 ) under transgenic cropping; however, it is important to emphasize that the data refer to only one growing season (2003/2004) which was affected by a period of drought that lowered yields. According to King et al. (2001) , water stress can cause decreases in BNF and concomitant yield losses in RR soybean. For this reason it is prudent not to consider the transgenic trait effect in terms of yield in this site. It is also important to mention that no negative effects of the transgenic trait were observed in soybean yields in Luis Eduardo Magalhães, located in a sandy soil with limited N availability. According to Carpenter (2001) , yield can vary year to year, as verified in Michigan (USA): in 1998, but not in 1999, RR soybean yield was lower than that of the conventional variety. In contrast, Elmore et al. (2001) observed that soybean yield was reduced by 5% (200 kg ha −1 ) in transgenic lines at four sites in Nebraska (USA), in two consecutive seasons.
There is no concrete evidence regarding grain-yield reductions by glyphosate under field conditions, when the herbicide is applied at the recommended rates (Zablotowicz and Reddy, 2004; PlineSrnic, 2005) . Zablotowicz and Reddy (2007) in a field experiment over three years in Mississippi (USA) found no reduction in soybean yield by glyphosate when compared to the treatment without herbicide. Similarly, in a field study in Minas Gerais (Brazil), Reis et al. (2010) also did not observe differences in the yield of RR soybean with glyphosate or a mixture of fomesafen and fluazifop-p-butyl. The results obtained in the present study showed that treatments with glyphosate had increased grain yields compared to the treatments with conventional herbicides (Contrast 2). These data agree with Bohm et al. (2009) who obtained higher soybean yields with glyphosate application (between 27% and 37%), when compared to imazethapyr application.
Carpenter (2010) evaluated 168 yield results from peerreviewed published studies on several genetically modified crops, and found that, in 124 cases, there were increased yields by the transgenic crops, 32 indicated no differences and only in 13 cases were yields reduced. Specifically for RR soybean, from 17 results, in 12 cases there were yield gains, in four no differences, and in just one case a decreased yield was recorded. These results corroborate our findings, where higher grain yields under transgenic soybean and glyphosate application were observed (Contrast 3). The highly significant and positive correlations between symbiotic efficiency and grain yield and TGN show the importance that BNF has to soybean-crop productivity, which is well documented in the literature (Alves et al., 2003; Hungria et al., 2006a,b; Rodriguez-Navarro et al., 2011) .
Concluding remarks
The comparison of the pairs of non-transgenic and nearly isogenic transgenic soybean cultivars has shown that the transgenic trait negatively affected some BNF variables, but that over a threeyear period these effects had no significant impact on soybean grain yield. No consistent differences between glyphosate and conventional herbicide application were observed on BNF-associated variables.
When compared to conventional soybean and conventional herbicides, weed-management strategy with RR soybean and glyphosate did not affect symbiotic efficiency, as measured by the assessment of several attributes related to BNF. In addition, at three sites, grain yields increased in the treatments with glyphosate and RR soybean across three cropping seasons.
